AIM To determine the relationship between the Test of Infant Motor Performance (TIMP) at 3 months and cognitive, language, and motor outcomes on the Bayley Scales of Infant and Toddler Development, Third Edition (Bayley-III) at 2 years of age in high-risk infants born preterm.
Infants born preterm are at a higher risk of developing language, coordination, social, and regulatory behavior disorders. 1 Earlier gestational age is associated with increased risk of developmental disability. 1 However, long-term follow-up is required in infants born preterm because it is difficult to predict which infants will receive an eventual diagnosis. Accordingly, clinical tools to predict abnormal neurodevelopmental outcomes in early infancy can enable parental supports and early intervention during periods of greater brain plasticity.
Traditionally clinical tools that evaluate infants' abilities have been designed as scales or subscales to assess specific domains, such as motor, language, and cognition, to measure specific abilities. However, emerging evidence suggests that these developmental domains are often interrelated 2 and share common structural substrates. 3 In fact, early infant behaviors may represent underlying global brain structural connectivity which is predictive of future outcome. 4 In infants born preterm, the quality of spontaneous movements and the associated motor repertoire at 3 to 5 months after term age were predictive of intelligence, 5 working memory, attention, and hyperactivity at 10 years of age. 6 The Test of Infant Motor Performance (TIMP) is a norm-referenced measure designed to evaluate motor control and organization of posture and movement for functional activities in infants from 32 weeks gestational age to 4 months after term age and measures both spontaneous behaviors and elicited items. Scores on the TIMP at 12 weeks corrected age have been shown to be predictive of motor outcomes at 1 and 5 years of age; 7, 8 however, prediction of language and cognitive performance has not been investigated.
Abnormalities on cerebral magnetic resonance imaging (MRI) have been predictive of later neurosensory impairment, cognitive and motor delays, or disabilities in infants born preterm. 9, 10 Our team 11 and others 12 recently identified a relationship between the performance on the TIMP at 12 weeks corrected age in infants born preterm and white matter integrity as measured by MRI. Having found a significant relationship between TIMP scores and white matter integrity, we then asked whether the TIMP scores may predict cognitive and language abilities at 2 years of age in infants born preterm. We hypothesized that TIMP scores at 10 to 15 weeks corrected age would be related to both language and cognitive performance, in addition to motor performance, at 2 years of age in a group of highrisk infants born preterm.
METHOD Participants
Infants born at less than 31 weeks gestational age, and having a birthweight of no more than 1500g, who required oxygen at birth, were consecutively recruited prospectively between July 2011 and March 2013 from the University of Chicago Comer Children's Hospital neonatal intensive care unit. Infants with congenital malformations, genetic syndromes, or who had respiratory distress that was severe enough that they were not expected to live (oxygenation index ≥20) were excluded from the study. Informed parental consent was obtained for each infant and ethical approval for the study was granted by the University's institutional review board.
TIMP
At 10 to 15 weeks after term age, motor outcomes were assessed by experienced and reliable testers. Performance on the test is determined through a series of elicited and observed items, measuring the infant's postural and motor control. 13 TIMP z-scores were calculated from published normative data. 13 The TIMP z-score cut points analyzed in this study were chosen based on the three categories published in the TIMP manual: 13 'low average' (0.5-1 SD below the mean), 'below average' (À1 to À2 SD), and 'far below average' (>2 SD below the mean).
Bayley Scales of Infant and Toddler Development
At 18 to 24 months corrected age, cognitive, language, and motor outcomes were assessed with the Bayley Scales of Infant and Toddler Development, Third Edition (Bayley-III).
14 The assessments were performed by two experienced testers, unaware of the TIMP outcome. The Bayley-III assesses the child's developmental level of object relatedness, memory, concept formation, receptive and expressive communication, and fine and gross motor skills. Because the Bayley-III scores significantly underestimate cognitive and language delay by approximately 11 points 15 on the composite score, we designated infants with scores of no more than 85 as having adverse neurodevelopmental outcomes.
Statistical analysis
Data were analyzed with Stata, version 14 (StataCorp LLP, College Station, TX, USA). The association between the z-score on the TIMP and each Bayley-III subscale score was analyzed with linear regression. The consistency of the relationship across the three domains was assessed using an F test after treating the Bayley-III as a multivariate outcome using the mvreg command in Stata. This allowed joint estimation of the effect of TIMP on all three domains and simplified testing and comparisons of coefficients across models. TIMP z-scores were also used as predictors of adverse neurodevelopmental outcomes in each Bayley-III subscale (cognitive, language, and motor) with logistic regression, and the rule of thumb that one covariate could be included for every 10 events in the smallest outcome group was followed. 16 Two children who died before testing with the Bayley-III and one child who did not complete Bayley-III testing but who had cerebral palsy, were assumed to have adverse neurodevelopmental outcomes at 2 years and were added to the logistic regression models. Results from regression models are displayed as regression coefficients for linear regression and odds ratios for logistic regression, with 95% confidence intervals (CIs). The area under the receiver operating characteristic curve was calculated, using the trapezoidal rule, as a measure of the ability of the TIMP to discriminate between children with and without adverse neurodevelopmental outcomes. The standard error for the area under the curve was calculated using the method of DeLong et al. 17 The area under the receiver operating characteristic curve is equivalent to Harrell's concordance (C)-statistic (a value of 0.5 indicating discrimination no better than chance and a value of 1 indicating perfect prediction). 18 Sensitivity and specificity were calculated for various cut points of the TIMP z-score and Bayley-III composite scores of no more than 85; 95% CIs were constructed for these estimates based on the binomial distribution.
RESULTS
There were 154 infants recruited for the study in the neonatal intensive care unit. Four children died before the 10-to 15-week follow-up visit, 27 did not return for 10-to 15-week testing, and one was unable to complete TIMP testing owing to state control. There were 122 patients with TIMP scores at 10 to 15 weeks after term age. In the time between the TIMP and Bayley-III assessments, 14 participants were lost to follow-up and two infants died. Accordingly, 106 of the initial 122 infants (87%) were available for Bayley-III testing at 2 years of age. The clinical and demographic characteristics of the participants, as well as their scores on the TIMP, are provided in Table I .
The median age at testing of Bayley-III was 24 months (25th/75th centiles 23/26, range 17-39 mo). Among participants in the sample, the mean (SD) subscale scores on the Bayley-III were the following: 90.7 (17.6) on the cognitive subscale, 88.0 (14.6) on the language subscale, and 92.5 (15.6) on the motor subscale. Across all children tested on the Bayley-III, 61 (56%) never had a score of 85 or less on any subscale, while 21 (19%) had a score of 85 or less on all three subscales.
The TIMP z-scores at 10 to 15 weeks of age were significantly associated with all three subscales on the Bayley-III at 2 years of age (p<0.001 for all). The effect of the What this paper adds • The TIMP is relatively good at discriminating between children who will and will not have typical development.
TIMP z-score did not vary significantly across the three domains (F 2,104 =0.32, p=0.73). Moderate correlations were seen for each of the three domains based on the r values (Table II) .
The specificity of the TIMP was consistently high for all Bayley-III outcomes (cognition, language, motor), while sensitivity remained low (Table III) . At all TIMP z-score cut points, the sensitivity was highest for the motor outcome. For each one-point decrease in TIMP z-score, the odds of having a poor outcome on the Bayley-III were increased: by approximately 5 for motor (95% CI, 2.43-9.87; p<0.001), by 3.18 for language (95% CI, 1.78-5.67; p<0.001), and by 3.57 for cognitive subscales (95% CI, 1.93-6.62; p<0.001) (Table IV) .
Eight children were diagnosed with cerebral palsy by a developmental pediatrician at 2-year follow-up. All of these children had a TIMP z-score of 0 or less, and six of them had a TIMP score of less than À0.5.
DISCUSSION
In this prospective study, we found that TIMP scores at 10 to 15 weeks corrected age were significantly related to cognitive, language, and motor outcomes on the Bayley-III at 2 years corrected age in high-risk infants born preterm. While the TIMP was designed as a measure of motor integrity 19 and has previously been shown to predict motor outcomes in early childhood, 7, 8 we found that the TIMP was predictive of cognitive and language outcomes, in addition to motor performance. Previously we found that infants born preterm with lower TIMP scores were more likely to have abnormal white matter integrity globally; 11 these structural differences may account for associated cognitive and language outcomes that we observed at 2 years of age. Early motor performance in infancy may be an indicator of brain connectivity, 4 signifying the overall maturity of the developing pathways between various brain regions. Therefore, children who exhibit poorer motor performance on the TIMP at 3 months of age may be more likely to have adverse neurodevelopmental outcomes at 2 years of age or beyond. In fact, early motor behavior was related to cerebral white matter volumes, and motor and cognitive abilities, at 10 years of age in a group of children born extremely preterm. 6 Future research might consider exploring the combination of brain imaging and TIMP scores to improve prediction of neuromotor outcome in infants born preterm.
The relationship between early motor performance in infancy and cognitive and language development is multifactorial and interdependent. Motor skill acquisition provides an infant with novel learning possibilities, igniting a cognitive and perceptual developmental cascade. 20 When new cognitive and perceptual skills are acquired, the infant can then further manipulate and explore the environment. 21 The embodiment theory of intelligence supposes that intelligence emerges as a result of the individual's bodily interaction with both the physical and social environment. 22 One possibility to explain the relatedness of TIMP score to cognitive outcome from the embodiment perspective may be that infants who score in the normal range on the TIMP at 12 weeks may be more able to initiate social and exploratory behaviors, leading to improved cognitive and language development, reflected in their normal Bayley-III outcomes at 2 years of age. Alternatively, those infants demonstrating early neuromotor integrity on the TIMP may have more intact central nervous system pathways that will drive cognitive and language development.
Interestingly, we found that the TIMP had relatively high specificity and low sensitivity to all neurodevelopmental outcomes. Of the three Bayley-III domains, the highest sensitivity at all TIMP z-score cut points was in the motor subscale. The TIMP was designed to measure motor performance, so the higher sensitivity in this domain compared with language and cognition is unsurprising. However, the sensitivity of the TIMP to motor outcome was lower than in previously published papers. 8, 23 This may be explained by the use of the Bayley-III as the motor outcome measure, as the Bayley-III has been shown to underestimate future motor delays at 4 years of age, in children born very preterm. 24 While our study was limited by the use of the Bayley-III as a motor outcome measure, it was chosen because it also measures language and cognitive performance.
Using the 'low average', 'below average', and 'far below average' cut points, the specificity was relatively high and the sensitivity to adverse outcomes was relatively low, indicating a higher likelihood of the TIMP under-identifying children who go on to experience delay. Clinicians may use this information to help reassure families of infants born preterm who score well. While the sensitivity was low for Bayley-III outcomes, the area under the receiver operating characteristic curve (Table III) indicated a fair to good discriminatory ability of the TIMP to distinguish those children who will go on to develop delays from those who will not. Consistent follow-up from the neonatal intensive care unit to 2 years of age was a challenge in our patient population. While the target age range at Bayley-III testing was 18 to 24 months, the availability of patients returning for testing resulted in a large range of ages at follow-up. Despite the large age range, when we analyzed the data using only infants who were tested between 21 and 27 months on the Bayley-III, the conclusions remained the same as those in the larger cohort. Our study was limited to follow-up at the 2-to 3-year age range. Additional studies might consider long-term follow-up to better understand the relationship between TIMP scores at 3 months and cognitive performance at school age and beyond.
Clinicians have a variety of outcome measures to choose from when evaluating high-risk infants, and often choose a tool that is domain-specific and based on professional expertise. For instance, the TIMP is often used by physical and occupational therapists as it is a measure of motor performance. This study may be useful to clinicians using the TIMP to provide families with additional information about test results and to refer to additional professionals for intervention when warranted.
While the TIMP was designed as a motor outcome measure, TIMP scores at 12 weeks after term age in infants born very preterm were related to motor, cognitive, and language outcomes on the Bayley-III at 2 years of age. This study demonstrates that infant motor behavior may be an important, early indicator of neurodevelopmental skill acquisition and future outcomes.
